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We developed a comprehensive theoretical framework fo-
cusing on many-body effects of exciton species in monolayer
WS2, including bright and dark excitons, and intra- and inter-
valley biexcitons, to investigate valley dynamics in monolayer
WS2 subjected to a tilted magnetic field B. In particular, the
evolution of the exciton population densities and the many-
body particle scatterings are considered to calculate the valley
polarization (V P ) as a function of the magnetic field. We
found valley splittings for the dark exciton and biexciton en-
ergy levels that are larger than those of bright excitons, of -
0.23 meV/T. For example, -0.46 meV/T for dark excitons and
-0.69 meV/T for bright-dark intra-valley biexcitons. Further-
more, inter-valley bright-dark excitons have an opposite val-
ley energy splittings of +0.23 meV/T. For the samples pumped
by linearly polarized light, V P exhibits distinct magnetic field
dependence for different types of many-body particle states.
Among them, the V P of the intra-valley bright-dark biex-
citons increases with increasing magnetic field and reaches
nearly 50% at B=65 T. The brightened dark exciton, on the
other hand, exhibits vanishing V P , indicating long valley re-
laxation time. Remarkably, the inter-valley bright-dark biex-
citon shows unconventional behavior with an inverted V P .
The opposite V P for intra- and inter-valley bright-dark biex-
citons, coupled with their large valley splitting and long valley
lifetime may facilitate their coherent manipulation for quan-
tum computing.
I. INTRODUCTION
In recent years, the coherent properties of bright excitons
(BE) confined in semiconductor quantum dots have been ex-
tensively explored [1]. BEs might be useful as qubits since
their coherent states can be initialized, controlled, and read
out using picosecond optical pulses. However, owing to their
relatively short radiative lifetime due to their large oscilla-
tor strength, the use of the BEs as quantum information car-
riers remains elusive. Spin-forbidden dark excitons (DEs)
(Fig. 1(b)), on the other hand, can form long-lived matter
qubits with long radiation and valley times [2, 3]. However,
their optical manipulation is challenging. Recently, mono-
layer transition metal dichalcogenides (TMDs) have received
great interest, as their spin-locked valley indices provide an
additional degree of freedom for quantum information pro-
cessing [4–9]. The small exciton’s Bohr radius in TMD
monolayers leads to a strong electron-hole exchange interac-
tion [10] which will shorten the valley/spin relaxation time
still further compared to that of excitons in conventional semi-
conductors quantum dots (of the order of sub-picoseconds).
Thus, monolayer TMDs will face even greater challenges than
quantum dots, if BEs were to be used as quantum information
processing. The DEs, however, have vanishing electron-hole
exchange interaction due to their anti-parallel spin configura-
tion. The inter-valley scattering [11] of the DEs is thus highly
suppressed. As a result, the DE has much longer radiative-
and valley- lifetimes (tens of nanoseconds) [12, 13], which
makes it an appealing candidate for quantum information car-
rier. However, it is known that the DEs decouple from light,
therefore, the challenge of optical read-out and control of the
DE states has to be overcome before it can be readily used.
The strong Coulomb interaction in TMD monolayers make
many-body effects more prominent than those in conventional
semiconductors. This enables exploration of many-body par-
ticle states such as biexcitons, where two excitons are bound
to a four-particle state [14–20] (see Fig. 1(a)). Optically ac-
tive intra-valley biexcitons can be composed of either two BEs
(bright-bright intra-valley biexciton, XX) or one BE and one
DE within the same valley, (bright-dark intra-valley biexciton,
XXd). Interestingly, aside from the intra-valley biexcitons,
inter-valley bright-dark biexcitons XX
′
d have also recently
been observed experimentally in TMD monolayers [21–28]
(see Fig. 4 for a schematic representation of the different
biexciton states). To accurately describe the valley dynam-
ics and quantitatively predict the valley polarization of exci-
ton species in TMDs under a magnetic field, it is mandatory
to consider the correlation among all these biexcitons as well
as the single bright and dark excitons. Such studies are, how-
ever, still lacking, in spite of rapid growth of knowledge about
these excitonic states.
It is known that out-of-plane (B⊥) [29] and in-plane (B‖)
[30, 31] magnetic fields play different roles in excitonic emis-
sion and valley physics of monolayer TMDs. The former in-
duces a valley energy splitting, which is evaluated by the dif-
ference between the exciton energy level in K and K′ valleys,
i.e., 4EKK′i =EKi -EK
′
i , where E
K
i (E
K′
i ) is the energy of the
i − th quasiparticle (BE, DE and biexcitons) in the K (K′)
valley [30, 32–35]. The valley splitting causes a charge trans-
fer from one valley to the other. Hence B⊥ alters inter-valley
scatterings of the exciton species tuning the V P , which can be
measured experimentally by polarization-resolved magneto-
photoluminescence (PL) and magneto-reflectance spectro-
scopies [36, 37]. On the other hand, B‖ mixes the bright and
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FIG. 1. Schematic representation of a monolayer WS2 under an ex-
ternal magnetic field. (a) Coexistence of bright and dark excitons as
well as biexcitons. (b) Electronic configurations of bright (left hand)
and dark (right hand) A excitons. (c) DE brightening induced by a
tilted field B with angle α. (d)-(e) Schematic representation of the
bright and dark exciton energy levels at the K valley. Filled (blue
and red) and empty arrows represent electron and hole spins, respec-
tively, and orange arrows indicate the selection rule allowed optical
transitions from the vacuum state (|0〉). (d) Shift of exciton energy
levels caused by an out-of-plane magnetic field. (e) Zero field dark
and bright states of A exition (lower part) and of B exciton (upper
part). (e) Mixture of bright and dark states due to electron spin rota-
tions driven by an in-plane magnetic field.
dark spin states [38], see Fig. 1(f), leading to DEs bright-
ening (see Fig. 1). Thus light emission from these otherwise
optically inaccessible states happens, and provides a pathway
to optical read-out and control of the DE states [38].
In this work, we develop a comprehensive theoretical
framework to investigate the valley physics, in particular val-
ley splitting and valley polarization of excitons and biexcitons,
in monolayer WS2 subjected to a tilted magnetic field B. The
conduction and valence bands involved in the bright/dark sin-
gle and biexciton states have different spin and orbital angu-
lar momentum characters in different valleys, leading to dif-
ferent Zeeman splitting and population rebalancing of vari-
ous exciton species in a magnetic field. By a proper theo-
retical treatment of the correlations (scatterings) between dif-
ferent exciton species, V P of these states can be accurately
predicted. We focus our discussion on both intra- and inter-
valley bright-dark biexcitons valley physics, while the behav-
ior of other quasiparticles such as brightened dark excitons
and intra-valley bright-bright biexcitons are presented as ref-
erences for comparison purposes. These two types of biexci-
tons are highly relevant for quantum computing, as they pos-
sess the character of DE with orders of magnitude longer val-
ley lifetime than that of BE, while at the same time allowing
optical control of valley states, and thus are advantages over
either BE or DE for information processing. They show con-
trasting magnetic dependencies of the V P : namely, intravel-
ley biexcitons exhibit a linearly increasing V P with increas-
ing magnetic field; while inter-valley bright-dark biexcitons
show an unusually inverted V P . These interesting behaviors
depend on the critical role of dark excitons and correlations
among exciton species. The coherent superposition of the two
types of biexcitons may be used to construct valley pseudospin
qubits with controllable phases.
II. RESULTS
The magneto-PL spectra, the DE brightening, the valley
splitting and polarization of the exciton species including
intra-valley BE, DE, XX and XXd, and inter-valley XX
′
d in
a monolayer WS2 under a titled magnetic field B are obtained
by using our comprehensive exciton valley dynamics theory.
For details of the physical model, see Sec. Methods and the
Supplementary Information.
Figure 2 illustrates the magnetic field dependence of the
polarization-resolved PL spectra for monolayer WS2 excited
by a linearly polarized light under three different magnetic
field directions. In order to highlight our main results, only
behaviors of the brightened DE and biexcitons are displayed
in the figures of the main text. The complete PL spectra in-
cluding the bright exciton emission peaks can be found in the
Supplementary Fig. 2 (we also show, in Supplemnetary Fig.
3, a zoom around the XXd and XX ′d emission peaks, in a
case of narrower spectra width - obtained at lower tempera-
ture, for instance - in such a way that the two peaks can be
clearly resolved). All optically active excitonic emissions are
polarization independent at zero field due to the valley degen-
eracy. However, this degeneracy is lifted by an out-of-plane
(α = 0o) magnetic field (B⊥), as shown in Fig. 2-(a) in which
the solid and dashed lines correspond to the emissions with
σ+ and σ− polarization, respectively. Since σ+ (σ−) couples
exclusively to the K (K′) valley, the emission indicated by the
solid (dashed) line stems from the K (K′) valley [39]. Note
that the energy difference between spectral peaks stemmed
from K and K′ valleys depends on the valley splitting of both
the initial and the final states involved in the optical transition
(see the vertical lines of Fig. 4, panels (b), (d), and (f)). Fur-
thermore, the height of the peaks for σ+ is also different from
that of the σ−, which indicates a magnetic field induced valley
polarization.
Since B‖ mixes the two spin states in the conduction band
(see methods section for a detailed discussion), the spin pro-
jections of the conduction and valence bands forming a DE
are no longer perfectly antiparallel. The exciton dipole matrix
element between these two bands then becomes finite and the
dark excitons become brightened. Figure 2-(c) illustrates the
magnetic field dependence of exciton emissions in a mono-
layer WS2 subjected to an in-plane magnetic field (α = 90o)
at room temperature. As the magnetic field increases, a new
emission peak at 1.76 eV originated from the dark exciton Xd
emerges. A similar peak was also detected in carbon nan-
otubes through magneto-PL spectroscopy [40]. With increas-
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FIG. 2. Room temperature PL spectra of excitonic states in mono-
layer WS2 excited by a linearly polarized light under magnetic fields
in (a) Faraday (α = 0o) (b) tilted (α = 45o), and (c) Voigt (α = 90o)
geometries. Xd, XX, XXd, and XX′d represent DE, bright-bright
and bright-dark intra-valley biexcitons, and bright-dark inter-valley
biexcitons respectively. Solid (dotted) lines correspond to emissions
with σ+ (σ−) polarization. For clarity, the bright exciton emissions
are omitted. The complete figure including bright excitons emission
peaks can be found in the Supplementary Fig. 2.
ing field magnitude, the intensity of the brightened DEs in-
creases. Also notice that the in-plane magnetic field induces
neither peak shifts nor valley splitting.
To reveal the combined effects of in-plane and out-of-plane
field components, Fig. 2-(b) shows the magnetic field depen-
dence of the PL spectra of WS2 under a tilted magnetic field
with α = 45o. As expected, at a finite magnetic field, the DE
brightening and the breaking of the valley degeneracy take
place simultaneously. Also notice that the PL spectra are de-
termined by the interplay between in-plane and out-of-plane
magnetic field components. Dark exciton brightening, for in-
stance, is primarily a consequence of the in-plane field com-
ponent. The out-of-plane component, however, changes the
bright-dark energy separation in K (K′) valley, ∆EK(K
′)
BD =
E
K(K′)
BE −EK(K
′)
DE , and thus influences the spin mixing in the
conduction band and thus the DE brightening.
In order to gain quantitative insights into these results, Fig.3
(a) shows the valley splitting 4EKK′ of the biexciton states
as a function of the out-of-plane field. It is evaluated by the
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FIG. 3. Effects of an out-of-plane magnetic field to the exciton valley
dynamics in a monolayer WS2. (a) Valley splittings, ∆EKK
′
, of
intra-valley (XX and XXd) and inter-valley (XX′d) biexcitons (the
horizontal V P = 0 line serve as a guide to the eyes) and (b) bright-
dark energy separation (∆EBD) in K (solid line) and K′ (dotted line)
valleys as a function of an out-of-plane magnetic field.
difference between the total energy of corresponding excitonic
quasiparticle states in K and K′ valley, which, for biexcitons,
is different from the spectrum splitting shown in Fig 2 [26].
The Zeeman energy shift comprises the contributions from
the spin and orbital magnetic moment [29] (black and or-
ange lines in Fig. 4, respectively). The quantum numbers of
spin and orbital angular momenta are inverted in the two val-
leys, therefore the biexciton energy exhibits valley-dependent
shifts. Notice that different excitonic quasiparicles exhibit
distinct splittings. The bright-dark intra-valley biexciton ex-
hibts the larger splitting (-0.69 meV/T), while its inter-valley
conterpart shows an inverted dependence on the external field
(+0.23 meV/T). The difference can be understood through the
analysis of the single exciton splitting; the biexciton energy is
given by the sum of the two constituent exciton energies mi-
nus the field independent biexciton binding energy. When an
out-of-plane field is applied, the conduction and valence band
energies shift due to the Zeeman effect of an electron spin and
orbital angular momentum, as shown in Fig. 4. For bright ex-
citons, the shift induced by the spin has the same value for the
conduction and valence bands, so it does not contribute to the
net change in the optical transition energies. Thus, only the
orbital magnetic moment of the valence bands, which differs
for the two valleys, producing a measurable shift. Specifi-
cally, the valence band has orbital angular moment m = 2
and −2 in K and K′ valleys, respectively, then the orbital an-
gular momentum contribution leads to a valley splitting of -
0.23 meV/T for bright excitons [29, 41]. For DEs, however,
the involved valence and conduction band states have oppo-
4site spins. Both the spin- and the orbital-induced band shifts
contribute to changes in the optical transition energy. As a
result the net shift of DEs (-0.46 meV/T) is twice as large as
that of BE. The valley splitting of the XX state is also twice
as large as the splitting of the BE state (-0.46 meV), while
the valley splitting of the intra-valley bright-dark biexcitons
is the largest, with ∆EKK
′
XXd
= −0.69 meV/T. Figure 4(a)-
(d) shows a schematic representation of the band energy shifts
(see panels (a) and (c)) and the intrvalley biexcitons and sin-
gle excitons valley splittings (panels (b) and (d)). Finally,
the valley splitting for the inter-valley bright-dark exciton is
∆EKK
′
XX′d
= +0.23 meV/T, which shows an inverted sign.
Such a valley splitting is in accordance with the total g fac-
tor, gT = ∆EKK
′
XX′d
/µB ∼ 4, of bright-dark biexcitons in WS2
monolayer determined by PL measures [26]. A schematic rep-
resentation of the band Zeeman shift and the valley splitting
of inter-valley biexciton is shown in Fig. 4(e)-(f).
Aside from the valley splitting, the intra-valley bright-dark
energy separation, ∆EBD, can also be tuned by an out-of-
plane magnetic field, as shown in Fig. 3-(b). ∆EBD deter-
mines the electronic configuration of excited states and the
scatterings among them, through the Boltzmann distribution
balancing exciton populations between bright and dark exci-
tons, with kb the Boltzmann constant and T the temperature
(see the Supplementary Information for more details). Both
the magnetic field induced valley splitting and the magnetic-
tunable bright-dark energy separation have important effects
on the exciton dynamics, as will be described in the follow-
ing.
To further explore the effect of the interplay between B‖
and B⊥ on dark exciton brightening and biexciton emis-
sion, we investigate the polarization-resolved PL intensity as
a function of a tilted magnetic field (α = 45o), for the mono-
layer WS2 excited with a linearly polarized light. In Fig. 5(a)
the solid (dashed) lines represent the PL intensities of σ+ (σ−)
polarized emission of the exciton species. At a finite field, the
brightened DE emission emerges in both valleys and increases
parabolically with the field (see the blue line in Fig. 5). In con-
trast, the PL intensity of the bright-bright biexciton state XX
exhibits opposite magnetic field dependence in K and K′ val-
leys (green solid and dotted lines in Fig. 5, respectively), fea-
turing a “X” pattern crossing atB = 0. This is consistent with
experimental observation [29] and theoretical prediction [42].
As the valley splitting increases with increasing field, the PL
intensity stemmed from the lower energy level increases while
the one from the higher energy level decreases. The PL inten-
sity of bright-dark biexcitons (XXd and XX′d) under a tilted
magnetic field exhibits a “bent-X” pattern. Interestingly, intra-
valley and inter-valley bright-dark biexcitons display opposite
slopes, that is, for B > 0, the intensity increases in the K val-
ley for bright-dark intra-valley biexcitons and decreases for
bright-dark inter-valley states (the valley that labels the inter-
valley biexciton is the one that holds the BE). It is interesting
to note also that, at B=0, the emission of the bright-dark biex-
citons is around three times more intense than that of the XX.
It is ascribed to the longer lifetime of dark excitons, which
leads to a higher probability of formation of XXd and XX′d
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FIG. 4. Schematic representation of the biexciton fine structure. Left
panels: Electronic configurations of intra-valley (a) bright-bright
(XX) and (c) bright-dark (XXd) biexcitons as well as (e) inter-valley
bright-dark biexcitons (XX′d) in the absence (dotted lines) and pres-
ence (solid lines) of magnetic field in K (left hand) and K′ (right
hand) valleys. Filled and empty circles represent electron and hole,
respectively. Black and orange arrows indicate magnetic moment of
spin and orbital angular momentum. Because we are interested in A-
exciton species, only the lowest valence band in each valley is shown.
Right panels: Energy levels of excitons and biexcitons in K (solid
lines) and K′ (dashed lines) valleys in the zero and finite magnetic
field. The red and blue vertical arrows indicate optical transitions.
states than XX species. Furthermore, the bright-dark intrav-
elley biexciton shows a stronger dependence on the magnetic
field. To interpret this behavior we need to consider the occu-
pation number of both the initial (XXd) and final (Xd) states
in the entire optical emission process. For B > 0, the num-
ber of the dark excitons in the K-valley is reduced because
of the larger bright-dark exciton energy level separation (see
Fig. 3(b)). As the magnetic field increases, this population
imbalance also increases. Thus an increase in the transition
probability from the initial XXd state to the final Xd in the
5K-valley is expected. As a result, an enhancement in the PL
intensity of the XXd with increasing field in the K-valley is
observed. The field dependence of PL intensity can be used to
determine the nature of biexcitons.
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FIG. 5. Magnetic-PL intensity and valley polarization as a function
of a tilted magnetic field. (a) Room temperature PL intensities of
Xd, XX, XXd, and XX′d excitons and biexcitons in a monolayer
WS2 as a function of magnetic field with a tilted angle α = 45o.
Solid (dotted) line corresponds to PL intensity of polarized emission
with σ+ (σ− ) helicity, related to optical transitions in K (K′) val-
ley states. (b) The corresponding valley polarization degree. The
horizontal V P = 0 line serve as a guide to the eyes. Inset: Cor-
responding intensity ratio (log. scale) of the σ+ and σ− polarized
emission. The dotted lines represent the thermal Boltzmann distri-
bution, exp(−∆EKK′B⊥/kbT ), at T = 300 K, with ∆EKK′ the
valley splitting per tesla.
Realizing valley polarization (selective occupation of a par-
ticular valley) is the important first step for manipulating the
valley degree of freedom for information processing. The de-
gree of valley polarization is proportional to the difference in
PL intensities between σ+ and σ− emissions, and is defined
by V Pj =
Ij(K)−Ij(K′)
Ij(K)+Ij(K′)
, where Ij(K(
′)) is the PL intensity of
the j − th exciton specie in the K (K′) valley. In the presence
of a magnetic field, we assume that the inter-valley scatterings
are composed of two consecutive process: a spin-flip process
followed by an energy relaxation, emitting a phonon [43]. The
reverse process must first involve a phonon absorption fol-
lowed by a spin-flip (see the Supplementary Information Sec.
I for more details). Since the phonon absorption is suppressed
by the Boltzmann factor, exp(−∆EKK′/kbT ), for a valley
splitting of ∆EKK
′
, the intensity of excitonic quasiparticle
with lower energy is dominant. This effect can be seen in
Fig. 5(b) that displays room temperature V P of brightened
DEs and three types of biexcitons in a monolayer WS2 as
a function of tilted (α = 45o) magnetic field. For the sys-
tem pumped with a linear polarized light, the V P of all the
quasiparticles (Xd, XXd, XX and XX
′
d) exhibit a near-linear
dependence on the external magnetic field. However, for dif-
ferent quasiparticles, the V P behaviors are distinctively dif-
ferent. For intra-valley biexcitons (both XXd and XX), the
V P increases linearly with increasing magnetic field, reach-
ing around 50% at B=65 T for XXd. This is attributed to neg-
ative valley splitting of the BE, DE and intra-valley biexcitons
(XX and XXd) induced by a positive magnetic field, as shown
in Fig. 3(a). The lower energy of these states in K valley than
that in K′ valley favors a charge transfer from the K′ valley
to the K valley. Consequently, the V P becomes magnetically
enhanced. Surprisingly, the Xd posses a tiny V P (1.4% at
B=60 T), despite a large VS. This is attributed to its long inter-
valley scattering time [13], which keeps the DE in its initial
valley, i.e., little charge transfer between the valleys occurs.
Therefore, the Xd possesses similar emission intensity in both
valleys. The inter-valley bright-dark biexciton XX′d, however,
shows an unexpected inverted valley polarization, i.e. V P
is negative at positive fields. This behavior is explained by
the total energy of the biexciton, which determines the pop-
ulation distribution over the valley split states. Accounting
for both bright and dark exciton energies which contribute to
the biexciton total energy, one finds a positive valley splitting
(for B > 0), that is, the the XX′d state (BE in the K valley
and DE in the K′ valley, σ+ emission) has higher energy than
the X′Xd state (BE in the K′ valley and DE in the K valley,
σ− emission). Therefore, the latter is more populated, lead-
ing to an inverted polarization. In addition, the intensity ratio
Iσ+/Iσ− follows the room temperature Boltzmann distribu-
tion exp(−∆EKK′B⊥/kbT ) [see the inset in Fig. 5(b)]. It
indicates that the thermal redistribution of biexcitons in K and
K′ as well as the valley polarization is mainly determined by
the valley splitting. It is supported by polarization-resolved
PL spectroscopy measurements [26] (see Supplementary Fig.
4 for a direct comparison between our theoretical results and
experimental data).
A tilted magnetic field induces both brightening of dark ex-
citons and its large valley splitting in monolayer WS2. Such
dark exciton states can be attractive as quantum information
carriers due to their lifetime orders of magnitude longer than
that of Bright excitons. The magnetic field brightening makes
them optically accessible and controllable. A linearly polar-
ized light will be able to initialize a valley pseudospin qubit,
which is a coherent superposition of valley pseudospins up
and down. An out-of-plane magnetic field can rotate the pseu-
dospin with the angle of rotation determined by valley split-
ting. A larger valley splitting together with a longer valley
coherence time means higher angle of rotation for the pseu-
dospin on the Bloch sphere. Furthermore, the ultrastrong
Coulomb interactions in TMDs make many-body effects such
as biexcitons prominent. Most notably, the bright-dark biex-
citons allow one to take advantage of both the long valley
lifetime and large valley splitting for pseudospin manipula-
tion, and strong light-matter interaction for optical initial-
ization and readout. The intra- and inter-valley bright-dark
biecitons exhibit opposite valley splitting, which means the
exciton pseudospins rotate in opposite directions when sub-
6FIG. 6. Schematic representation of the valley pseudospin manipulation via an external magnetic field. (a)-(b) Bloch sphere representing
a qubit composed of two biexcitons with opposite circularly polarized light. At B=0, a linearly polarized optical pulse excites a coherent
superposition of biexcitons in K and K′ valleys. (a) Negative valley splitting of intra-valley bright-dark biexcitons induced by an out-of-plane
magnetic field and a clockwise rotation of the valley pseudospin in the equatorial plane of the Bloch sphere. (b) Positive valley splitting of
inter-valley bright-dark biexcitons induced by an out-of-plane magnetic field and an anticlockwise rotation of the valley pseudospin in the
equatorial plane of the Bloch sphere. (c) Rotation angle of the valley pseudospin as a function of the magnetic field for XXd and XX′d exciton
species. We also include results for the X state for comparison purposes.
jected to a magnetic field. A schematic representation of
qubits constructed from the intra- and inter-valley bright-dark
excitons on the Bloch sphere and the dependence of the rota-
tion angles of the pseudospins on the external perpendicular
magnetic field can be seen in Fig. 6. We define pseudospin
|0〉 ≡ |XXd〉 and pseudospin |1〉 ≡ |X ′X ′d〉 for the intra-
valley bright-dark biexciton. For the inter-valley counterpart,
|0〉 ≡ |XX ′d〉 and |1〉 ≡ |X ′Xd〉. Assuming excited by a
linearly polarized light, the initial state is a coherent superpo-
sition of |0〉 and |1〉, pointing along the x-direction. Applying
a DC magnetic field causes a rotation of the pseudospin about
the z-axis. The angle of rotation ϕ =arctan(ΩT ∗) [5], where
the precession angular frequency is proportional to the valley
splitting, given by Ω = ∆EKK
′
/~. T ∗ was reported to be
0.26 ps for bright excitons [44]. Due to the presence of dark
excitons, the valley coherence time for bright-dark bixcitons
is expected to be orders of magnitude larger. Here we take T ∗
to be 3.7 ps as a conservative lower bound estimate for calcu-
lating the precession angle. As can be see from Fig. 6(c), both
biexcitons rotate by larger angles than that of the bright exci-
ton, with the intra-valley biexciton possessing the largest an-
gle of rotation. This is a consequence of both of its larger val-
ley splitting and longer valley coherence time. One can imag-
ine that using such excitonic states in coupled TMD quantum
dots, it is possible to construct entangled states with control-
lable phases. The manipulability of the pseudospins can be
further increased by using magnetic proximity effect [37, 45].
The valley splitting can be enhanced by more than an order of
magnitude, allowing the same angle of rotation to be achieved
at fields much smaller than 1 T. This field can be readily sup-
plied by a miniaturized inductive write head, allowing local
control of individual quantum device. Therefore, our results
suggest that bright-dark biexcitons in TMDs are promising
candidates for quantum information applications. Such a sce-
nario can motivate further theoretical and experimental effort
in looking for protocols to deterministic initialization and read
out of the valley pseudospins.
III. METHODS
Polarization-resolved magneto-PL measurements have
shown that an applied perpendicular magnetic field B⊥ cou-
ples with the spin and orbital magnetic momenta and leads to
a Zeeman shift of the single-particle band edges [29]. Among
them, the shift due to the spin magnetic moment is given by
∆s = gsszµBB⊥, with µB the Bohr magneton, gs = 2 the
spin g−factor, and sz = ±1/2 the electronic spin. The or-
bital Zeeman shift is mainly due to the tungsten d-orbitals,
∆a = mlµBB⊥, where ml is the magnetic quantum number.
In the first order approximation, it does not affect the con-
duction bands, since ml ∼ 0. It shifts, however, the valence
bands, which primarily consist of d-orbitals with ml = 2 in
the K valley and ml = −2 in the K ′ valley, respectively. The
exciton energy is then given by the difference between field
dependent conduction and valence band energies, subtracted
by the field independent binding energy [46] [Fig 1(d)-(e)].
The energy of bright, EXτ , and dark, EXτd , states at τ valley
are given by
EXτ = Eg − EbXA + λc
2
− λv
2
− τ∆a
= Eg − EbXA + λc
2
− λv
2
− τ2µBB⊥ (1)
7and
EXτd = Eg − EbXA −
λc
2
− λv
2
− τ2∆s − τ∆a
= Eg − EbXA − λc
2
− λv
2
− τ4µBB⊥, (2)
where Eg represents the band gap, λc(v) corresponds to the
energy splitting in the conduction (valence) band due to spin-
orbit interaction, EbΓ is the binding energy of the Γ =
{X,Xd} state, and τ is the valley index (τ = 1 for K and
τ = −1 for K′ valley).
The biexciton energy is evaluated by the total energy of two
constituent excitons minus its binding energy. For intra-valley
bright-bright, bright-dark, and inter-valley bright-dark biexci-
tons, they are given by
EXτXτ = 2EXτ − EbXX ,
EXτXτd = EXτ + EXτd − EbXXd ,
EXτX τ˜d = EX
τ + EX τ˜d − EbXX′d ., (3)
It is also known that an external in-plane field B‖ applied
to TMD monolayers mixes the two spin states in the low-
est conduction band. This effect was observed experimen-
tally through the brightening of initially dark (spin-forbidden)
intra-valley excitonic states [30].
In a low-energy model, we can describe the effect of the
in-plane field on the conduction band via perturbation theory
as
Hˆτc = Hˆ
τ
0,c + Vˆ
=
(
Eg
2 + τ
λc
2 0
0 Eg2 − τ λc2
)
+
(
0 −µBgs(Bx − iBy)
−µBgs(Bx + iBy) 0
)
, (4)
where the matrix of single particle Hamiltonian is constructed
based on the single-particle basis {|ψc,↑〉, |ψc,↓}. Upon diag-
onalizing Hˆτc , the energies are obtained by
Eτ,mixψc,↑ =
Eg
2
+ τ
λc
2
+ τ
g2µ2B |B‖|2
4λc
,
Eτ,mixψc,↓ =
Eg
2
− τ λc
2
− τ g
2µ2B |B‖|2
4λc
. (5)
It is worthy to point out that the perturbative correction to the
band energy due to the presence of in-plane magentic field is
vanishingly small, even for large magnetic fields. The major
effect of the B‖ is to mix the different spin states, which can
be seen by the new eigenstates:
|ψτ,mixc,↑ 〉 = c↑↑|ψτc,↑〉+ c↑↓eiφ|ψτc,↓〉,
|ψτ,mixc,↓ 〉 = −c↓↑e−iφ|ψτc,↑〉+ c↓↓|ψτc,↓〉, (6)
where φ is the azimuth angle of the magnetic field, defined by
tanφ = By/Bx. |c↑↑| = |c↓↓| = 1/
√
1 +W 2c and |c↑↓| =
|c↓↑| = Wc/
√
1 +W 2c denote the spin conserving and spin-
flip coefficients, respectively. Both of them depend on B‖
through Wc = gsµBB‖/2λc.
An analogous description can be made for the valence band,
but the spin mixing is negligible due to very large spin-orbit
splitting, i.e., λv  λc → Wv  Wc. Hence, we neglect the
spin mixing in the valence band.
In summary, an in-plane magneic field mixes spin-up and
spin-down states in the conduction band, hybridizing the
spin states. Consequently, the initially spin-forbidden elec-
tric dipole transition such as dark exciton emission becomes
allowed with a probability proportional to |c↓↑|2.
FIG. 7. Schematic representation of intra-valley (green arrows) and
inter-valley scatterings (brown arrows). The left and right panels rep-
resent K and K′ valleys, respectively. The blue and green circles de-
note electrons and holes, respectively. The vertical arrows indicate
spin states.
With the knowledge of the effect of the external magnetic
field to the exciton energy levels, we propose a theoretical
8framework to describe the intra-valley and inter-valley in-
volved valley dynamics. An schematic representation of the
exciton species considered and the intra- and inter-valley scat-
terings between them is shown in Fig. 7. For clarity purpose,
the inter-valley XX′d biexciton and the involved scatterings are
omitted in the schematic diagrams, although they are consid-
ered in our calculation. Our comprehensive set of coupled rate
equations takes into account (i) photon-generation of intra-
valley bright excitons, (ii) radiative recombination of bright
and brightened-dark excitons and biexcitons, (iii) exciton-to-
biexciton transitions, (iv) bright-dark intra-valley scattering,
via a phonon-mediated spin-flip process, and (v) inter-valley
scattering of either excitons or biexcitons. The inter-valley
scattering in the presence of the external magnetic field is de-
scribed by a two-step process composed of a resonant spin-flip
process and a phonon-mediated relaxation/excitation [43], as
mentioned in the previous section. Furthermore, DE bright-
ening process is incorporated in our rate equations through-
out the definition of the bright and dark relaxation times as
magnetic field dependent linear combination of radiative and
non-radiative recombination times. We note that, although we
chose WS2 as an important example to show interesting re-
sults, our model can be straightforwardly extended to WSe2
monolayers by changing the values of parameters, such as the
spin-orbit splitting and scattering times. In addition, the theo-
retical framework can also be applied to Mo-based TMDs af-
ter the exchange of the energy level of bright and dark states.
For brevity, we leave the cumbersome rate equation in Sec. I
of Supplementary Information.
IV. CONCLUSION
We have theoretically investigated the exciton and biexciton
dynamics in monolayer WS2 subjected to a tilted magnetic
field. We demonstrate that both the intra-valley bright-bright
and bright-dark biexcitons posses larger valley splittings than
that of bright exciton, namely, -0.46 meV/T and -0.69 meV/T,
respectively. In contrast, inter-valley bright-dark biexcitons
show an inverted valley splitting of 0.23 meV/T.
The V P of the excitons and biexcitons, on the other hand, is
not only determined by the valley splitting, but also the scat-
terings among the excitonic quasi-particles. We predict that
the V P of the intra-valley bright-dark biexciton is strongly
enhanced by the magnetic field, and reaches to nearly 50% at
B=65 T. Interestingly, an unusual inversed magnetic response
of the V P for the inter-valley bright-dark biexciton is found.
A magnetic field can thus rotate the valley pseudospins con-
structed from these biexcitons in opposite directions, facil-
itating entanglement of the qubits with controllable phases.
Long valley lifetime, large valley splitting, optical controlla-
bility and opposite signs of field dependent valley splitting of
the bright-dark biexcitons make them appealing candidates for
valley qubits for quantum computing.
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